Introduction
The function of many proteins is heavily influenced by their posttranslational modifications. One unique form of such modifications is citrullination, also called deimination, in which peptidylarginine is irreversibly converted to the noncoding amino acid peptidylcitrulline. This process is catalyzed by the peptidylarginine deiminases, including PAD1-4 and PAD6 (1) . Each PAD has a different pattern of tissue distribution. For example, hematopoietic cells express mainly PAD2 and PAD4, with neutrophils expressing the highest level of PAD4. PAD6 is expressed almost exclusively in oocytes, whereas PAD1 and PAD3 are expressed mainly in nonhematopoietic cells. Given their pattern of tissue distribution, it is believed that PADs have both unique and overlapping substrates.
By converting positively charged peptidylarginine to neutral peptidylcitrulline, citrullination has the potential of altering protein folding, interaction, degradation, and function. For example, PAD1 and PAD6 are indispensable for early embryogenesis (2, 3) , whereas PAD4-mediated citrullination of histones is essential for the formation of neutrophil extracellular traps in some experimental settings (4) . However, aberrant citrullination very likely contributes to the pathogenesis of several human diseases. For example, rheumatoid arthritis (RA) is characterized by the presence of anti-citrullinated protein antibodies (5, 6) . Several major risk factors of RA, such as periodontitis, smoking, the rs2476601 SNP of PTPN22, and family history, are associated with local or systemic hypercitrullination (7) (8) (9) (10) . In addition, inhibition of PADs is beneficial in several animal models of human diseases, including inflammatory arthritis, lupus, colitis, and cancer (1) . Despite these observations, the regulatory roles of PADs and citrullination in adaptive immune cells and other human diseases, such as allergic inflammation, are still poorly understood.
CD4 + Th cells play a key role in the immune defense against invading pathogens but can also cause autoimmune and allergic diseases if their functions are not regulated properly (11) . Several functional subsets of effector Th cells, including Th1, Th2, and Th17 cells, have been discovered. The differentiation of these subsets is critically regulated by several subset-specific transcription factors, such as T-bet for Th1
Dysregulated citrullination, a unique form of posttranslational modification catalyzed by the peptidylarginine deiminases (PADs), has been observed in several human diseases, including rheumatoid arthritis. However, the physiological roles of PADs in the immune system are still poorly understood. Here, we report that global inhibition of citrullination enhances the differentiation of type 2 helper T (Th2) cells but attenuates the differentiation of Th17 cells, thereby increasing the susceptibility to allergic airway inflammation. This effect on Th cells is due to inhibition of PAD2 but not PAD4. Mechanistically, PAD2 directly citrullinates GATA3 and RORγt, 2 key transcription factors determining the fate of differentiating Th cells. Citrullination of R330 of GATA3 weakens its DNA binding ability, whereas citrullination of 4 arginine residues of RORγt strengthens its DNA binding. Finally, PAD2-deficient mice also display altered Th2/Th17 immune response and heightened sensitivity to allergic airway inflammation. Thus, our data highlight the potential and caveat of PAD2 as a therapeutic target of Th cell-mediated diseases. cells, GATA3 for Th2 cells, and RORγt for Th17 cells. While the activity of these transcription factors usually correlates with their protein levels, which are regulated mainly by transcription, their activity is also subject to regulation by several posttranslational modifications. For example, phosphorylation by p38 and methylation of Arg261 enhance the function of GATA3 (12, 13) ; the activity of RORγt can be influenced by its acetylation (14, 15) . We recently discovered that overexpression of PAD2 in PBMC of healthy donors suppressed anti-CD3-induced expression of Th2 cytokines but had an opposite effect on the expression of Th17 cytokines (10) . This observation suggests that the differentiation/function of Th cells can be modulated by citrullination. However, it is unknown whether PAD2 at a physiological level can still regulate the differentiation of Th cells and, if it does, what its mechanism of action is.
Here, we demonstrate that global inhibition of citrullination alters the differentiation of Th cells and augments allergic airway inflammation. This effect is recapitulated by inhibition of PAD2 but not PAD4. We further show that PAD2-mediated citrullination of GATA3 and RORγt modulates their DNA binding activity, thereby reciprocally regulating the differentiation of Th2 and Th17 cells in vitro and in vivo. Taken together, our data depict a potentially novel mechanism by which citrullination fine-tunes the Th immune response and modulates allergic airway inflammation.
Results

Modulation of in vitro and in vivo differentiation of Th cells by global inhibition of citrullination.
We first used anti-citrullinated histone H3 (cit-H3), which has been validated in PAD4-KO neutrophils (4), to compare the status of citrullination among naive and various effector Th cells. We found a trend of higher levels of cit-H3 in effector Th cells compared with naive Th cells, but we found no significant difference among the effector subsets ( Figure 1A ). Restimulation of the effector Th cells with anti-CD3 also did not significantly alter the level of cit-H3.
We subsequently differentiated and restimulated mouse Th cells in the presence of Cl-amidine (Cl-am), a pan-PAD inhibitor. Cl-am dose-dependently reduced the level of cit-H3 but did not completely inhibit the citrullination of H3, even at a concentration (100 μM) that was tolerable to Th cells ( Figure 1B ). It also subtly inhibited the proliferation of differentiating Th cells (Supplemental Figure 1 , A and B; supplemental material available online with this article; https://doi.org/10.1172/jci.insight.129687DS1). Interestingly, Cl-am dose-dependently increased the expression of IL-4, IL-5, and IL-13 by Th2 cells but reduced the expression of IL-17A and IL-17F by Th17 cells ( Figure 1C ). By contrast, Cl-am had little impact on the expression of IFN-γ by Th1 cells. Cl-am also attenuated the differentiation of primary human Th17 cells and modestly enhanced the differentiation of human Th2 cells from 4 of 5 healthy donors ( Figure 1D ).
Excessive Th2 immune response is pathogenic in allergic airway inflammation. To further characterize the effect of global citrullination on Th2 immune response in vivo, we i.p. immunized WT C57BL/6 mice with ovalbumin in aluminum hydroxide (alum), followed by challenges with aerosolized ovalbumin to induce allergic airway inflammation. The mice were treated with either DMSO or Cl-am. In agreement with the data shown in Figure 1C , splenocytes from Cl-am-treated mice produced more IL-4 but less IL-17A in response to in vitro challenge with ovalbumin ( Figure 1E ). There was also a trend of higher level of ovalbumin-specific IgE but lower level of ovalbumin-specific IgG1 in the serum of Cl-am-treated mice ( Figure 1F ), reflecting the impact of heightened Th2 response on the B cell compartment. No such trend was observed for the levels of total IgE and IgG1 in serum (Supplemental Figure 1C ). Furthermore, Cl-am treatment enhanced airway inflammation ( Figure 1G ), resulting in an increase in total cell number and percentage of eosinophils in lavage ( Figure 1 , H and I).
Inhibition of PAD2 but not PAD4 phenocopies the effects of Cl-am. To determine inhibition of which PAD is responsible for the effect of Cl-am, we first examined the expression of various PADs in Th cells. Transcript level of PAD2, albeit low, was the highest among all PADs in naive Th cells ( Figure 2A ). By contrast, primary macrophages expressed more PAD4 than PAD2. The level of PAD2 transcripts was higher in effector Th cells. This trend was also observed in the level of PAD2 proteins ( Figure 2B ). The induction of PAD2 was readily observed 2 days after activation, regardless of polarizing conditions ( Figure 2C ). Anti-CD3, but not anti-CD28 or IL-2, alone was sufficient to induce the expression of PAD2 ( Figure 2D ). This induction by anti-CD3 was blocked by cyclosporine A or sotrastaurin ( Figure  2E ), indicating that both calcium and PKC signaling pathways are essential for the induction of PAD2. We subsequently treated differentiating Th cells with a PAD2-specific inhibitor AFM30a (16) and found that AFM30a phenocopied the effect of Cl-am ( Figure 2F ). The expression of PAD4 in Th cells has been reported. However, PAD4-specific inhibitor GSK199 (17) had no impact on the differentiation of Th2 or Th17 cells. Neither inhibitor affected the differentiation of Th1 cells.
To confirm that the effect of Cl-am or AFM30a was indeed due to inhibition of PAD2 but not off-target effects, we further examined the differentiation of PAD2-KO Th cells. Deficiency of PAD2 had little impact on the proliferation and activation of Th cells (Supplemental Figure 2 , A and B). PAD2-KO Th2 cells also produced approximately twice more IL-4 and IL-5 than WT counterparts in response to restimulation with anti-CD3 ( Figure 2G ). There was also a trend of higher IL-13 production by PAD2-KO Th2 cells. Reversely, PAD2-KO Th17 cells had approximately 50% reduction in the level of IL-17A and IL-17F. There was no difference in the production of IFN-γ between WT and PAD2-KO Th1 cells. These results are consistent with our published data showing that overexpression of PAD2 in human PBMC suppressed the expression of Th2 cytokines but increased the level of Th17 cytokines (10) . By contrast, deficiency of PAD4 had no reproducible effect on the differentiation of Th cells ( Figure 2H) . Surprisingly, deficiency of PAD2 only modestly reduced the levels of cit-H3 ( Figure 2I ). One possible explanation for the modest reduction in the levels of cit-H3 is aberrant expression of other PADs in PAD2-KO Th cells. However, we found no significant change in the transcript level of other PADs in PAD2-KO Th2 cells ( Figure 2J ).
PAD2 reciprocally regulates the activity of GATA3 and RORγt. GATA3 and RORγt are key transcription factors for Th2 and Th17 cells, respectively. The transcript level of GATA3 was almost two times more in differentiated PAD2-KO Th2 cells than in WT Th2 cells ( Figure 3A , left panel). Surprisingly, there was no consistent increase in the protein level of GATA3 ( Figure 3B ). There was also no reproducible change in the level of nuclear phosphorylated Stat6 (Supplemental Figure 3 ), the major signaling pathway driving Th2 differentiation. Similarly, the levels of RORγt transcript and protein were comparable between WT and PAD2-KO Th17 cells ( Figures 3, A and B ). In addition, the transcript levels of other Th17-polarizing transcription factors, including RORα and BATF, were also very comparable between WT and PAD2-KO Th17 cells (Supplemental Figure 4 ).
We therefore postulated that PAD2 regulated the activity of GATA3 and RORγt. We set up an in vitro luciferase assay in which an IL-13 promoter/reporter, a known GATA3 target, is transactivated by GATA3 in HEK-293T cells, which have no endogenous GATA3 and do not express IL-13. In this system, the transactivation of the IL-13 promoter is solely dependent on exogenous GATA3. Expectedly, ectopic expression of GATA3 was sufficient to induce the activity of the IL-13 promoter approximately 10-fold ( Figure 3C ). In agreement with our hypothesis, coexpression of PAD2 reduced the GATA3-driven IL-13 promoter activity in a dose-dependent manner ( Figure 3C ). By contrast, PAD2 dose-dependently enhanced the activity of an IL-17A promoter driven by ectopic RORγt ( Figure 3D ). Taken together, our data indicate that PAD2 reciprocally regulates the activity of GATA3 and RORγt.
PAD2 physically interacts with GATA3 and RORγt. PAD2 may physically interact with GATA3 and RORγt and citrullinate these 2 transcription factors. We found that anti-GATA3 and anti-RORγt, but not control IgG, coimmunoprecipitated a protein band of approximately 76 kD from Th2 cells and Th17 cells, respectively, but not from PAD2-KO cells ( Figure 4 , A and B). Reversely, GST-PAD2 was able to pull down full-length GATA3 ( Figure 4C ) or RORγt ( Figure 4D ) expressed in HEK-293T cells. We subsequently generated a series of truncation mutants of GATA3 and RORγt and then used GST-PAD2 to pull down the mutants expressed in HEK-293T cells. The N-terminal half but not the zinc finger-containing C-terminal half of GATA3 was sufficient to interact with PAD2 ( Figure 4C ). The N-terminal half of GATA3 contains 2 transactivation domains. Neither transactivation domain alone was sufficient to interact with PAD2.
Figure 1. Modulation of in vivo and in vitro differentiation of Th cells by global inhibition of citrullination.
(A) Indicated C57BL/6 Th cells were left unstimulated (-) or restimulated with anti-CD3 (+) overnight. The level of cit-H3 was examined with Western blotting using anti-cit-H3. The normalized density of cit-H3 is shown in the bar graph (n = 3, 1-way ANOVA). (B and C) C57BL/6 effector Th cells were generated in the presence of Cl-am at indicated concentrations for 5 days. Whole Th2 extract was examined with Western blotting using indicated antibodies. Representative blots and normalized density of cit-H3 from 2 experiments are shown in B. The expression of indicated cytokines by the Th cells after restimulation with anti-CD3 is shown in C (n = 4, 1-way ANOVA). (D) Primary human Th cells from 5 healthy donors were differentiated in vitro into Th2 or Th17 cells in the presence or absence of Cl-am (100 μM). The production of IL-4 and IL-17A after restimulation with anti-CD3 was quantified with ELISA. Data points from the same donors are connected with lines (1-tailed paired Student's t test). (E-I) Allergic airway inflammation was induced in C57BL/6 mice (n = 6 per group) in the absence or presence of Cl-am. Splenocytes were restimulated with ovalbumin for 72 hours. The levels of IL-4 and IL-17A in supernatant are shown in E. Imm, immunized; cha, challeneged. The levels of ovalbumin-specific (ova-specific) IgE and IgG1 in serum are shown in F. Representative H&E staining of the lung tissue is shown in G. Scale bars: 100 μm. The total number of cells (H) and the percentage of eosinophils (I) in bronchial lavage are also shown. Statistical analysis for E, F, H, and I was performed with 2-tailed Student's t test. Instead, a fragment of approximately 120 amino acid residues (61-180 aa) encompassing the intertransactivation domain was pulled down robustly by PAD2. RORγt protein can be divided into a DNA binding domain, a hinge domain, and a ligand binding domain. The ligand binding domain (241-553 aa), but not the other 2 domains, was easily pulled down by GST-PAD2 ( Figure 4D ). These results suggest that PAD2 interacts with GATA3 and RORγt through their non-DNA binding domains.
Reversely, we used GST-GATA3 and GST-RORγt to pull down various truncated mutants of PAD2. The N-terminal half of PAD2 contains 2 Ig domains (Ig1 and Ig2), whereas its C-terminal half contains the catalytic domain. The full-length PAD2 and its catalytic domain (295-662 aa) were pulled down efficiently by both GST-GATA3 and GST-RORγt ( Figure 4E ). By contrast, neither Ig domain (1-115 aa or 116-294 aa) was pulled down by GST-GATA3 or GST-RORγt.
GATA3 and RORγt are substrates of PAD2. Our data prompted us to postulate that GATA3 and RORγt are substrates of PAD2. We used biotin-conjugated phenylglyoxal (PG-biotin) to bind citrullinated proteins in extract of Th2 and Th17 cells. PG-biotin-bound citrullinated proteins were then captured with streptavidin and probed with anti-GATA3 or anti-RORγt. This PG pulldown assay is an established method for enriching and identifying citrullinated proteins from heterogeneous protein extract (18) (19) (20) . We were able to detect cit-GATA3 or cit-RORγt in the nuclear extract, but not the cytoplasmic extract, of stimulated Th2 or Th17 cells, respectively ( Figure 5 , A-D). However, much less cit-GATA3 and cit-RORγt were detected in WT Th cells differentiated in the presence of Cl-am ( Figure 5 , A and B) or in PAD2-KO Th cells ( Figure  5 , C and D). These results indicate that endogenous GATA3 and RORγt are citrullinated by PAD2 in Th2 and Th17 cells, respectively. In parallel, we incubated recombinant GST-GATA3 and GST-RORγt with PAD2 in vitro and then examined the citrullination status of GST-GATA3 and GST-RORγt with Western blotting using F95 (21), a mouse monoclonal IgM raised against a decacitrullinated peptide. As shown in Figure 5 , E and F, GST-GATA3 and GST-RORγt, but not GST, became strongly reactive to F95 after in vitro incubation with PAD2.
Citrullination reciprocally modulates the DNA binding ability of GATA3 and RORγt. One possible mechanism by which citrullination regulates the activity of GATA3 and RORγt is altering their DNA binding ability. To test this hypothesis, we carried out electromobility shift assays (EMSA) using recombinant native or PAD2-citrullinated GATA3 and RORγt, shown in Figures 5, E and F. Expectedly, GATA3 bound to a known GATA site from the IL-13 promoter ( Figure 5G ), whereas RORγt bound to a ROR site from the IL-17A promoter ( Figure  5H ). In agreement with our hypothesis, PAD2-mediated citrullination attenuated the DNA binding of GATA3 but augmented the DNA binding of RORγt ( Figure 5 , G and H). By contrast, no DNA binding was detected with native or PAD2-treated GST, and GATA3 or RORγt did not bind to a consensus NF-κB site.
To examine if citrullination also regulated DNA binding of endogenous GATA3 and RORγt, we carried out EMSA by incubating nuclear extract prepared from Th2 or Th17 cells with GATA or ROR probes, respectively. The amount of nuclear extract in each reaction was adjusted to equalize the level of GATA3 or RORγt proteins between WT and PAD2-KO Th cells (Supplemental Figure 5 ). Expectedly, a fraction of the GATA probes were shifted by extract from Th2 cells ( Figure 5I ). This shift was blocked by anti-GATA3 but not by control IgG, indicating that the shifted band contained GATA3. Similarly, the ROR probes were shifted by Th17 extract, and the shift was blocked by anti-RORγt ( Figure 5J ). In agreement with the data shown in Figure 5 , G and H, extract from PAD2-KO Th2 cells shifted more GATA probes than its WT counterpart ( Figure 5I ). Reciprocally, extract from PAD2-KO Th17 cells was less efficient than its WT counterpart in shifting ROR probes ( Figure 5J ).
Identification of functionally critical citrullination sites of GATA3 and RORγt. To identify the citrullination sites within GATA3 and RORγt, we cut the native and PAD2-citrullinated full-length GST-GA-TA3 and GST-RORγt shown in Figure 5 , E and F, for tandem mass spectrometry (MS/MS). We were able to identify 5 potential citrullination sites in GATA3 (R86, R177, R276, R312, and R330) and 4
shown in B-D. (F) C57BL/6 effector Th cells were generated in the presence of AFM30a (left panel) or GSK199 (right panel) at indicated concentrations. The expression of indicated cytokines by the Th cells after restimulation with anti-CD3 is shown (n = 3-4, 1-way ANOVA). (G-J) Th cells obtained from WT DBA/1J (G-J, n = 3-4), PAD2-KO (G, I, and J, n = 3-5), or PAD4-KO (H, n = 2) mice were differentiated into Th1, Th2, and Th17 cells for 5 days. The production of indicated cytokines after restimulation with anti-CD3 was measured with ELISA or real-time PCR (G and H, 2-tailed Student's t test for G). Data from the same experiments are connected with lines in H. Whole cell extract from WT DBA/1J or PAD2-KO Th cells were examined with Western blotting using anti-citH3 (I). A parallel gel was probed with anti-H3 for loading controls. The normalized density of cit-H3 of indicated cells is shown in the dot blot of I. The transcript levels of PADs in restimulated WT DBA/1J, and PAD2-KO Th2 cells were quantified with real-time PCR and shown in J (n = 3-4).
potential citrullination sites in RORγt (R56, R59, R77, and R90) ( Figure 6, A Figures 6-14) . R276, R312, and R330 of GATA3 are conserved among all GATA members. R276 and R330 are in the corresponding locations of the N-terminal and C-terminal zinc fingers of GATA3 ( Figure 6A ), respectively. The 4 arginine residues of RORγt are also conserved among RORα and RORβ, as well as several other nuclear hormone receptors, such as RevEr. R56 and R59 of RORγt are located in the C-terminal zinc finger but are distal to P-box, which is responsible for sequence-specific DNA binding, and D-box, which provides a dimerization interface ( Figure 6B ).
To further determine the impact of each citrullination site on the function of GATA3 and RORγt, we converted each of the arginine residues identified with MS to lysine, which maintains the basic charge but cannot be citrullinated. We found that converting R330 of GATA3 to lysine, but not other R-to-K mutations, markedly reduced the degree of GATA3 citrullination after incubation with PAD2 ( Figure 6C ). None of the single R-to-K mutations altered the DNA binding of native GATA3 (Supplemental Figure 15A) . The DNA binding of the single R-to-K mutants, except the R330K mutant, was still reduced by almost 60% after citrullination by PAD2 ( Figure 6D ). However, the DNA binding of the R330K mutant was more resistant to PAD2 inhibition ( Figure 6D) . Interestingly, converting all 5 arginine residues of GATA3 to lysine (5R-K mutant) further increased, albeit marginally, the resistance of GATA3 to PAD2-mediated citrullination and inhibition ( Figure 6, C and D) . These observations strongly suggest that R330 is the dominant citrullination site and that its citrullination by PAD2 attenuates the DNA binding of GATA3. The alterations in DNA binding of GATA3 were also reflected in its transcriptional activity ( Figure 6E ). The transactivation of the IL-13 promoter by WT, R86K, R177K, and R312K GATA3 was reduced by almost 40% by PAD2, whereas the transactivation by R330K and 5R-K was more resistant to PAD2 inhibition.
We then used a similar approach to determine the function of each citrullination site of RORγt. None of the single R-to-K mutations altered the DNA binding of native RORγt (Supplemental Figure 15B ) or reduced the susceptibility of RORγt to PAD2-mediated citrullination ( Figure 6F ). In addition, the DNA binding and transcriptional activity of the single R-to-K mutants were still enhanced by PAD2 ( Figure 6 , G and H). By contrast, converting all 4 arginine residues to lysine rendered RORγt resistant to PAD2-mediated citrullination ( Figure 6F, 4R-K) . The DNA binding and transcriptional activity of 4R-K also became insensitive to PAD2 ( Figure 6, G and H) . Thus, the 4 arginine residues comediate the effect of PAD2 on the citrullination, DNA binding, and transcriptional activity of RORγt.
Structural basis of the effects of citrullination on the DNA binding of GATA3 and RORγt. We subsequently modeled the impact of citrullination on the DNA binding of GATA3 and RORγt using the existing Their citrullination status was examined with Western blotting using F95 (top panels of C and F, n = 3). The normalized density of the full-length citrullinated proteins (arrows) is shown in the dot plot of C and F. The native and citrullinated proteins were then incubated with indicated DNA probes in EMSA (D and G, n = 3). The normalized density of the shifted probes is shown in the dot plot of D and G. The transcription activity of the WT and various R-to-K mutants was examined with luciferase assays in the presence or absence of PAD2 according to the methods described in Figure 3 , C and D. The PAD2-induced fold changes in the activity of GATA3 (E, n = 4) or RORγt (H, n = 4) are shown. One-way ANOVA with correction for multiple comparison was used in C, D, F, and G. Two-tailed Student's t test was used to compared WT GATA3 with R330K in E, WT GATA3 with 5R-K in E, and WT RORγt with 4R-K in H. crystal structures. Both R329 and R330 are located within the C-terminal zinc finger of GATA3, which is necessary and sufficient for GATA3 to bind to its cognate sequence. While R330 interacts with the sugar phosphate backbone of DNA, R329 makes direct hydrogen bonds and Van der Waals contacts with DNA bases (22) . The interaction between R330 and DNA is well resolved and ionically satisfied in the mouse GATA3/DNA structure (Protein Data Bank [PDB] accession number 3VD6). Its side chain binds to DNA phosphate and G274 backbone ketone and very likely holds a β-turn in place. Citrullination of R330 is expected to disrupt its interaction with DNA phosphate and renders R329 to lose contact with DNA ( Figure 7A ).
There is no published crystal structure of RORγt/DNA. We therefore used the RevErb/DNA crystal structure (PDB1GA5) as the model. Three of the arginine residues of RORγt (R56, R59, and R77) are present in the corresponding positions (R47, R50, and R68) of RevErb, but only R50 and R68 are modeled in the structure. R50 interacts with D6, water, and the DNA sugar phosphate backbone. D6 is involved in a loop holding a Zn ion in place. Disruption of the salt bridge between R50 and D6 by citrullination could make a tighter loop to bind the Zn, therefore yielding a protein with a higher affinity to DNA ( Figure 7B ). R68 appears to be bonding with Q30, water, and the DNA sugar phosphate backbone. Q30 is part of the C-terminal cap on a helix binding to the major groove of the DNA. Disrupting the R68-Q30 interaction could force the helix structure into the groove for tighter binding ( Figure 7C ). In addition, Q30 is actually part of another subunit; therefore, R68 could be playing a role in dimerization.
Deficiency of PAD2 increases the susceptibility to allergic airway inflammation. To determine if deficiency of PAD2 can impact Th immune response in vivo, WT and PAD2-KO mice were immunized i.p. with ovalbumin in alum, followed by challenges with aerosolized ovalbumin to induce allergic airway inflammation, a model that is dependent on Th2 cells. Challenges with aerosolized ovalbumin expectedly induced airway inflammation and an increase in the cellularity of bronchial lavage (Figure 8, A and B) in WT mice. In agreement with the effect of PAD2 on in vitro Th2/Th17 differentiation, PAD2-KO immunized/challenged mice were more susceptible to allergic airway inflammation. There were heavier cellular infiltration ( Figure 8, A and B) , higher percentage and total number of eosinophils (CD11b + /Siglec-F + ) in bronchial lavage (Figure 8, C and D) , more mucus-producing cells based on periodic acid-Schiff stain ( Figure 8E) , and higher levels of IL-4 and IL-13 in their lungs ( Figure 8F ). Somewhat unexpectedly, substantial levels of Th17 cytokines, including IL-17A and IL-17F, were already present in the lung of unchallenged WT mice, probably because of their DAB/1J genetic background ( Figure 8G ). The levels of IL-17A and IL-17F were also increased by challenge in WT mice, but the increase was much attenuated or not observed in the lungs of PAD2-KO immunized/challenged mice ( Figure 8G) . Surprisingly, there was no difference in the transcript level of IL-5 between WT and PAD2-KO mice, despite the difference in the number of eosinophils in lavage, probably due to the overall low level of this cytokine (Supplemental Figure 16 ).
Discussion
Our data have expanded the physiological role of citrullination to adaptive immune cells. By modulating DNA binding of GATA3 and RORγt, PAD2 can heavily influence the differentiation of Th2 and Th17 cells. This function of PAD2 is seen across species and independent of the genetic background of mouse T cells. Our data also uncover a mechanism by which PADs regulates gene expression. Citrullination of histones can epigenetically and globally regulating gene expression (23) . In addition, citrullination can directly regulate the activity of transcription factors and the transcriptional machinery. For example, citrullination of E2F enhances its acetylation and interaction with BRD4 (24); PAD4 promotes the nuclear translocation of NF-κB p65, and this effect can be partly attributed to the citrullination of this transcription factor, which facilitates its interaction with importin α3 (20, 25); PAD2-mediated citrullination of arginine 1810 of RNA polymerase II (RNAP2) is critical for the interaction between RNAP2 and positive transcription elongation factor b (P-TEFb) (26); here, we show that citrullination of GATA3 and RORγt influences their DNA binding activity.
Our findings are consistent with the published data by Kawalkowska et al. showing that BB-Cl-am (BB-Cl), another pan-PAD inhibitor that is 10-fold more potent than Cl-am, enhanced the serum levels of IL-4 and IL-5 but had no impact on the level of IFN-γ in a collagen-induced arthritis model (27) . There was also an increase in the percentage of Th2 cells and a reciprocal decrease in the percentage of Th17 cells, but there was no difference in the percentage of Th1 cells among Th cells in the draining lymph nodes from BB-Cl-treated arthritic mice. However, they also discovered that treating Th cells in vitro with BB-Cl led to apoptosis and reduced the level of all Th cytokines, including IFN-γ, IL-4, and IL-17. We have also found that Th cells, unlike neutrophils, are very sensitive to the cytotoxic effect of BB-Cl; cells were not viable even at 1 μM of BB-Cl. By contrast, Th cells can tolerate Cl-am up to 100 μM concentration.
It was reported that 2-chloroacetamidine (2CA), also a pan-PAD inhibitor, attenuated allergic airway inflammation (28) . This in vivo outcome is contradictory to what we observed in PAD2-KO mice and in Cl-am-treated WT mice as well as the results from Kawalkowska's study (27) . The cause of this discrepancy is unclear. 2CA also markedly inhibited the proliferation of T cells in vitro. Thus, one possible explanation for the in vivo effect of 2CA is inhibiting the proliferation but not polarization of Th cells. It remains to be determined whether the cytotoxic effect of BB-Cl and the antiproliferative effect of 2CA are due to the suppression of citrullination or off-target effects of these 2 inhibitors. Nevertheless, these observations highlight the potential pitfall of interpreting data generated with PAD inhibitors.
Liu et al. recently reported that both PAD2 and PAD4 were expressed in mouse and human Th cells. They further showed a reduction in the percentage of IL-17A-expressing Th cells in the spleens from imiquimod-treated PAD2-KO FVB mice (29) . In addition, Seri et al. demonstrated that PAD4-KO Th cells had no intrinsic defect in differentiating into Th17 cells (30) . These findings are consistent with our data. However, similar reduction in the percentage of IL-17A-expressing Th cells was also observed in imiquimod-treated PAD4-KO mice. Imiquimod treatment also reduced the percentage of IFN-γ-producing Th cells in PAD2-KO mice. Furthermore, either AFM30a (at 25 μM) or GSK199 (at 15 μM) inhibited the production of IFN-γ by in vitro differentiated human Th1 cells but reportedly not the production of IL-17A by Th17 cells. The impact on Th2 cells was not described. These latter results are in conflict with ours and those from Kawalkowska's report (27) . The cause of the discrepancies is unknown and could be due to differences in the genetic background of animals (FVB vs. DBA/1J and C57BL/6) or mode of in vivo stimulation (TLR7-dependent model vs. Th cell-mediated inflammation).
While deficiency of PAD2 attenuates Th17 differentiation, Raijmakers et al. reported that PAD2-KO mice (in a mixture of 129/SvEv and C57BL/6 genetic background) were still sensitive to experimental autoimmune encephalomyelitis (EAE) (31), a model highly dependent on Th17 cells. Although marked reduction in the level of citrullination was observed in the brain of PAD2-KO mice, it is still possible that other PADs could compensate for the loss of PAD2 in EAE. In addition, deficiency of PAD2 may alter the function of other types of cells, thereby masking impaired Th17 response. Finally, the genetic background of mice may influence the effect of PAD2 on in vivo Th17 response. By contrast, in the TNF transgenic model of RA, in which IL-17 contributes to bone erosions (32) , loss of PAD2 reduced arthritis severity and erosions (33) .
It was reported that PAD4-mediated NETs are critical for the adjuvant effect of alum (34) . While Cl-am is expected to inhibit NETosis, its effect on Th2 polarization very likely overpowers the diminished adjuvant effect of alum, thereby enhancing allergic airway inflammation in our model. Krishnamoorthy et al. recently showed that neutrophil cytoplasts, an end product of NETosis, induce Th17 differentiation and exacerbate airway inflammation caused by house dust mite/LPS (35) . Accordingly, PAD4-KO mice developed less airway inflammation. These data are very intriguing in light of our observation that PAD2 deficiency or Cl-am treatment enhanced ovalbumin-induced airway inflammation, which is dependent on type 2 immune response. Thus, the impact of PADs on airway inflammation very likely depends on the experimental protocols. It will be interesting to know whether PAD2 and PAD4 influence the clinical outcome of the house dust mite/LPS (HDM/LPS) model and ovalbumin-induced model, respectively.
The locations of the citrullination sites in GATA3 and RORγt are quite intriguing. R276, R312, and R330 of GATA3 are within the DNA binding domain and have been shown to directly participate in the DNA binding (22, 36) . Specifically, R330 is buried in the major groove of DNA. By contrast, the 4 arginine residues of RORγt are located outside the DNA binding domain, including the P and D boxes. Thus, the strategic location of the citrullination sites can explain why neutralization of the positive charge of the arginine residues by PADs have opposite effects on the DNA binding of these 2 transcription factors. While R276, R312, and R330 are conserved among all GATA members, the amino acid sequence of the intertransactivation domain, which is required for interaction with PAD2, is quite diverse. Thus, it is still unclear whether PAD2 can regulate the activity of other GATA members. The 4 arginine residues of RORγt are also present in all ROR members and some other nuclear hormone receptors. In addition, the overall structure of the ligand binding domain is conserved among all nuclear hormone receptors (37) , raising the possibility that the DNA binding activity of many, if not all, nuclear hormone receptors is susceptible to regulation by PAD2. This scenario may provide an additional explanation for how PAD2 promotes the expression of many estrogen-dependent genes (38) .
Our data also underscore the potential benefits and risks of targeting citrullination or PAD2. While inhibiting PAD2 or citrullination in general may be beneficial in Th17 cell-mediated inflammation, such as inflammatory arthritis or colitis, such manipulation may exacerbate Th2 cell-mediated diseases, including allergic airway inflammation. An ideal approach would be to target PADs in a substrate-specific manner. For example, interfering with the interaction between PAD2 and RORγt specifically would attenuate Th17 response without affecting Th2 response. Such manipulations will require in-depth knowledge about the physical interaction between PADs and their individual substrates.
Methods
Human subjects. Peripheral blood of healthy donors was obtained through Brigham and Women's Hospital Specimen Bank.
Mice. The original sources of PAD2-KO and PAD4-KO mice were described previously (4, 31) . The mice were backcrossed to DBA/1J mice for 12 generation before use. Littermates were used for all experiments. WT C57BL/6 mice were purchased from the Jackson Laboratory.
Real-time PCR. RNA isolation, reverse transcription, and real-time PCR were performed as previously described (39) . Transcript level thus detected was normalized against that of actin or HRPT. The sequences of the primers used are listed in Supplemental Table 2 .
Differentiation of mouse primary Th cells. Naive Th cells were stimulated with plate-bound anti-CD3 (catalog 553057, clone 2C11, 1 μg/mL) and soluble anti-CD28 (catalog 553294, clone 37.51, 2 μg/mL) under Th1-skewing ( ) conditions. Recombinant human IL-2 (catalog Ro-23-6019, 50 U/mL) was added 24 hours later. Cells were harvested after 5 days, washed, and restimulated with plate-bound anti-CD3 (catalog 553057, clone 2C11, 1 μg/mL) overnight. Recombinant human IL-2 (catalog Ro-23-6019) and anti-mouse IL-4 (lot L0412006, clone 11B11) were provided by the National Cancer Institute, Preclinical Repository. IL-4 (catalog 214-14) and IL-12 (catalog 210-12P40H) were purchased from PeproTech. Anti-IFN-γ (catalog 554408, clone XMG1.2), anti-CD3 (catalog 553057, clone 2C11), anti-CD28 (catalog 553294, clone 37.51), and anti-IL-12 (catalog 554475, clone C17.8) were obtained from BD Biosciences. TGFβ1 (catalog 240-B-010), IL-6 (catalog 406-ML-005), and IL-23 (catalog 1887-ML-010/CF) were purchased from R&D Systems. Cl-am (synthesized in house), AFM30 (synthesized in house), and GSK199 (catalog 1549811-53-1, Cayman Chemical) were added at day 0 and maintained during the differentiation of Th cells. The cells were washed thoroughly, resuspended to 1 × 10 6 cells/mL, and restimulated with anti-CD3 (catalog 553057, clone 2C11, 1 μg/mL) overnight. PMA at 50 ng/mL (catalog P1585, MilliporeSigma), ionomycin at 1 μM (catalog 407950, Calbiochem), cyclosporine A at 20 μM (catalog 12088, Cayman Chemical), and sotrastaurin at 4 μM (catalog 16726, Cayman Chemical) were added wherever indicated.
Cell lines, plasmid, mutagenesis, transfection, and luciferase assay. HEK-293 cells (ATCC, CRL-1573) were maintained in DMEM medium containing 10% heat-inactivated FBS (Hyclone, GE Healthcare Life Science). The full length or truncated cDNA of human PAD2, GATA3, or RORγt was cloned into pCN-DA3.1/HisA vector. R-to-K mutants were generated with QuikChange XL Site-Directed Mutagenesis kit (Agilent Technologies) according to manufacturer's instructions. pTK-Renilla luciferase vector and mouse IL-13 promoter-luc (-109; 109 bp upstream to the transcriptional start site of the IL-13 promoter) were described previously (40) . Human IL-17A promoter-luc (pGL3E-hIL-17prom[-232]-luc) was obtained from Addgene (41) .
Transfection of HEK-293 cells was performed with Effectene Transfection Reagent (Qiagen). The pTK-Renilla luciferase reporter (1 μg) was included in each transfection. Luciferase activity was detected with the Dual-Luciferase Reporter Assay System (Promega) according to the manufacturer's protocol. Values obtained from firefly luciferase signals were normalized to Renilla luciferase activity.
Western blotting. The following antibodies were used: anti-PAD2 (ab183194), anti-GATA3 (ab106625), and anti-citrullinated histone H3 (ab5103) from Abcam; anti-histone H3 (4620S) from Cell Signaling Technology; anti-tubulin (T5168) from Sigma-Aldrich; anti-RORγt (4310958) from eBioscience; anti-Lamin B (sc-6216) from Santa Cruz Biotechnology Inc.; and F95 antibody (MABN328) from EMD Serono. Densitometry readings of Western blots were obtained with ImageJ software (NIH). Loading controls were performed on the same gels after stripping, unless indicated otherwise in the figure legends.
Immunoprecipitation. Th cells were prepared in a lysis buffer containing 20 mM Tris (pH 8.0), 138 mM NaCl, 10% glycerol, 1% Nonidet P-40, 10 mM NaF, 2 mM NaVO 4 , 1 mM pyrophosphoric acid, and cOmplete protease inhibitors (Roche Applied Science), and centrifuged at 10,967 g at 4°C for 15 minutes. The supernatant was incubated with indicated antibodies (2 μg/sample) overnight at 4°C and then incubated with Protein A/G plus-agarose (Santa Cruz Biotechnology Inc.) for 4 hours at 4°C.
GST pulldown assay. The cDNA of human PAD2, human GATA3, or mouse RORγt was cloned into pGEX-4T3 (GE Healthcare), expressed in bacteria (BL21, EMD Millipore) as GST-fused proteins, and prebound to glutathione-agarose beads (MilliporeSigma). The full-length and truncation mutants of PAD2, GATA3, or RORγt were expressed in HEK-293T cells. Whole cell lysate was prepared 48 hours after transfection in the lysis buffer described above. The lysate was incubated with GST-PAD2, GST-GATA3, or GST-RORγt bound beads overnight at 4°C. The captured proteins were then eluted and subjected to Western blotting.
EMSA. EMSAs were performed using the LightShift Chemiluminescent EMSA Kit (Thermo Fisher Scientific). Double-stranded oligonucleotides were generated from biotinylated single-stranded oligonucleotides corresponding to nucleotide fragments of the human IL-13 or IL-17A promoter, which contain GATA-3 (5′-biotin-AATTCAAGATGAGTAAAGATGTGGTTTTCAGATAATGCCCA-3′ and 5′-TGG-GCATTATCTGAAAACCACATCTTTACTCATCTTGAATT-3′) or RORγt (5′-biotin-CTGTGCT-GACCTCATTTGAGG-3′ and 5′-CCTCAAATGAGGTCAGCACAG-3′) binding sites, were purchased from Integrated DNA Technologies. Nuclear extract from mouse Th2 and Th17 cells was prepared with the NE-PER Nuclear and Cytoplasmic Extraction Reagents (catalog 78833) from Pierce Biotechnology following the manufacturer's protocol. GST-fused recombinant proteins were dialyzed in dialysis buffer (10 mM Tris [pH 7.5], 50 mM KCl, 200 mM NaCl, 1 mM dithiothreitol, 1 mM phenylmethane sulfonyl fluoride, and 10% glycerol; MilliporeSigma) for 16 hours at 4°C with slow stirring. Protein inhibitor cocktail (MilliporeSigma) was diluted to a final concentration of 2.5×. Binding reactions were incubated at room temperature for 30 minutes.
ELISA. Sandwich ELISA was performed with the following antibodies: anti-mouse IFN-γ (catalog 551221)/biotin anti-mouse IFN-γ (catalog 554550) from BD Pharmingen; anti-mouse IL-4 (catalog 554434)/biotin anti-mouse IL-4 (catalog 554390), anti-mouse IL-5 (catalog 554393)/biotin anti-mouse IL-5 (catalog 554397), anti-mouse IL-13 (catalog 14-7133-81)/biotin anti-mouse IL-13 (catalog 13-7135-81), anti-mouse IL-17A (catalog DY421)/biotin anti-mouse IL-17A (catalog DY421), anti-human IL-4 (catalog 14-7049)/biotin anti-human IL-4 (catalog 13-7048), and anti-human IL-17A (catalog 14-7178)/ biotin anti-human IL-17A (catalog 13-7179) from eBioscience. Ovalbumin-specific IgE and IgG1 was quantified with anti-ovalbumin Ig E and anti-ovalbumin IgG1 ELISA kits (Cayman Chemical), respectively.
Detection of in vivo citrullinated GATA3 and RORγt. Nuclear and cytoplasmic extract of Th cells was incubated with phenylglyoxal-biotin (PG-biotin) (0.1 mM) in a buffer containing 50 mM HEPES and 20% trichloroacetic acid at 37°C for 30 minutes. After centrifuge, the pellet was resuspended in PBS containing 0.25% SDS, 0.14% 2-Mercaptoethanol (BMe), 0.4 mM HEPES, 2 mM arginine, and 2 mM
